We investigate the influence of carbon-ion irradiation on the superconducting critical properties of MgB 2 thin films. MgB 2 films of two thicknesses viz. 400 nm (MB400nm) and 800 nm (MB800nm) were irradiated by 350 keV C ions having a wide range of fluence, 1  10 13 -1  10 15 C atoms/cm 2 . The mean projected range (R p ) of 350 keV C ions in MgB 2 is 560 nm, thus the energetic C ions will pass through the MB400nm, whereas the ions will remain into the MB800nm. The superconducting transition temperature (T c ), upper critical field (H c2 ), c-axis lattice parameter, and corrected residual resistivity (ρ corr ) of both the films showed similar trends with the variation of fluence. However, a disparate behavior in the superconducting phase transition was observed in the MB800nm when the fluence was larger than 110 14 C atoms/cm 2 because of the different T c s between the irradiated and non-irradiated parts of the film.
Introduction
Magnesium diboride (MgB 2 ) has promising superconducting (SC) properties for technological applications, such as a high transition temperature (T c ) of ~ 40 K [1] , high upper critical field (H c2 ) [2, 3] , and large critical current density (J c ) [4, 5] . In addition, two clear SC gaps of  σ and   in MgB 2 have stimulated studies to understand the mechanism of its superconductivity [2, 6, 7] . Carbon (C) substitution for boron (B), MgB 2-x C x , is well known as one of the most effective methods to improve H c2 and J c despite a reduction in T c caused by a suppression of the large SC gap  σ . The C substitution considerably affects the σ-bonding derived from the in-plane p xy B orbitals, whereas it hardly changes the -bonding related to the out-of-plane p z B orbitals [2, [8] [9] [10] [11] .
Neutron irradiation in MgB 2 also has a significant influence on the B sites because of the thermal neutron capture reaction. The 10 B atoms (~ 20% in natural B) that capture the thermal neutrons decay into an alpha () particle and a 7 Li nucleus, leading to homogeneous disorders in MgB 2 and an improvement in both H c2 and J c [2, [12] [13] [14] [15] . In addition, light particles, such as protons and  particles, have often been reported to be effective sources of irradiation to enhance H c2 and J c of MgB 2 [16, 17] . On the other hand, heavy-ion irradiations are less effective in improving J c of MgB 2 [18, 19] . In general, high energy heavy-ion irradiations into SC materials produce columnar defects along the ion tracks, which act as a strong flux-pinning source to improve the in-field J c of the high-T c cuprate superconductors [20, 21] . However, heavy-ion irradiations in MgB 2 seem to rapidly suppress its superconductivity rather than improve its critical SC parameters, such as H c2 and J c [18, 22] . For these reasons, irradiation studies of MgB 2 have been mostly focused on neutron irradiation.
Irradiation is a unique technique that makes it possible to examine the effects of radiation and additional defects in an identical sample [13, 23, 24] . The study of radiation effects on a superconductor is important to test their application in a radiation environment, such as space, fusion reactions, and so on [13, 23] . In addition, ion irradiations can create defects in target materials mainly by nuclear stopping of energetic ions, although the exact mechanism for the formation of defects is still debatable [23, 25] . In superconductors, defects are normally beneficial for the enhancement of SC critical properties, especially in-field J c , because defects in type-II superconductors can interrupt vortex motion. Therefore, understanding the effects of defects on SC critical properties is a key issue for technological applications of superconductors as well as for scientific advancement [26, 27] .
In this study, we report the influence of carbon-ion irradiation on the superconducting critical properties of c-axis-oriented MgB 2 thin films with thicknesses of 400 and 800 nm. The C was selected as the irradiating ion source because C has been known as one of the most effective elements to enhance H c2 and in-field J c of MgB 2 . Carbon ions of various fluences ranging between 1  10 13 and 1  10 15 C atoms/cm 2 with an incident energy of 350 keV (mean projected range R p : ~ 560 nm) were irradiated into the prepared MgB 2 films. The superconducting properties after irradiations were slightly different depending on whether the irradiated C ions penetrated fully the film (400 nm) or were implanted into the film (800 nm).
However, the degraded superconductivity of both the irradiated MgB 2 films was almost recovered to those in the pristine state after a thermal annealing procedure. These results indicate that the effect of the implanted C ions on the superconductivity of MgB 2 films is insignificant, whereas the displacement damage by irradiation is crucial to the change in T c , H c2 , and J c of MgB 2 .
Experimental
High-quality MgB 2 thin films of thicknesses 400 nm (MB400nm) and 800 nm (MB800nm)
were fabricated on c-cut Al 2 O 3 substrates for C-ion irradiation studies by using a hybrid physical-chemical vapor deposition (HPCVD) method, the details of the growth technique described earlier [28, 29] . C-ion irradiation was carried out using Monte Carlo simulation program [30] . Therefore, the irradiated C ions were remained into the MB800nm due to the R p being greater than the film thickness whereas most of the ions penetrated through the MB400nm.
The thickness of the MgB 2 thin films was measured by using a scanning electron microscope (SEM), and the crystallinity of the films before and after irradiation was checked by using an xray diffractometer (XRD). The electrical resistivity (ρ) was measured by using the standard 4-probe technique with gold (Au) coating on the 4-point contact regions to achieve good ohmic contact. The upper critical field (H c2 ) for a magnetic field applied perpendicular to the ab plane of the surface of the film was measured by the Physical Property Measurement System (PPMS 9
T, Quantum Design) and the temperature dependence of magnetization, M(T), was measured by using the Magnetic Property Measurement System (MPMS 5 T, Quantum Design) before and after C-ion irradiation.
Thermal annealing was carried out for the MB400nm and MB800nm irradiated with the highest fluence of 1  10 15 atoms/cm 2 (1E15). In addition, a non-irradiated MB400nm was also prepared for the thermal annealing to check only annealing effect on the pristine sample. Three films were wrapped in tantalum (Ta) foil to minimize the Mg decomposition during thermal annealing, sealed inside an evacuated quartz tube, and then the ampoules were annealed at temperatures of 200, 300, 400, and 500 o C for 30 min. in a box furnace. The same irradiated films with the 1E15 were consecutively annealed at each temperature, and the non-irradiated MB400nm was annealed only at 500 o C. The annealing experiments were conducted at temperatures up to 500 o C as large Mg deficiency can be induced at higher temperatures [31] .
M(T) and x-ray diffraction patterns of the irradiated films were examined after the annealing procedure for each annealing temperature (T A ). In addition, ρ, H c2 , and magnetization hysteresis (M -H) loops for the films annealed at T A = 500 o C were investigated by using the same techniques mentioned above. with full connectivity [12, 15, 32] . Here, we used  ideal = 4.3 cm determined from a MgB 2 single crystal because  of the pristine MB400nm and MB800nm is 6.4 cm and 5.9 cm, respectively [32] . For fluences higher than 1E14, the  41K values of MB800nm is much larger than those of MB400nm, while the reduction rate of T c for MB800nm is weaker than that for MB400nm. When  41K is converted to  corr , however, T c s of MB400nm and MB800nm are well scaled on a single curve, as shown in figure 3(d) [13, 15] . These results indicate that, despite a larger residual resistivity than MB400nm, the higher T c in MB800nm results from the proximity effect between the irradiated and non-irradiated parts in it. In addition, the decrease in T c of both the films can be attributed to enhanced intra-grain scattering by C-ion irradiation [13, 32] , whereas the effect of implanted C ions on T c seems negligible in the MB800nm films. [12, 15, 17, 33] . In addition, the T c of MB800nm is insensitive to the irradiation compared to that of MB400nm, suggesting that undamaged SC layer is helpful to improve SC critical properties, such as H c2 and critical current density (J c ), while minimizing T c reduction. The SC transition temperature (T c ) and upper critical field (H c2 ) of the irradiated films (1E15), after annealing them at T A = 500 o C, were determined from electrical resistivity measurements and compared for various fluences of C-ion irradiation. The results were similar to the M-T results presented in figure 10 , and the T c of the annealed films is slightly lower than that of the pure films, as shown in figure 11(a) . T c s of the annealed films decrease linearly with the corrected residual resistivity (ρ corr ) which is relatively larger for the annealed films than the pristine films, and may be ascribed to amorphization in some regions or Mg decomposition during the thermal annealing procedure [31] . The fact that H c2 (0) of the annealed films is slightly higher than that of the pristine samples, as presented in figure 11(b [37, 38] . This relatively small fraction of C ions may be one of the possible reasons for the negligible effects of the implanted C ions as impurities in the annealed MB800nm. More detailed studies, such as multiple injections and microscopic investigation, will be needed to make a definitive conclusion on the role of implanted C ions. In neutron-irradiated MgB 2 , SC properties, such as T c , the c-axis lattice constant, and H c2 (0), are close to the values in the pristine state after annealing at 500 o C, whereas the field performance of J c is stronger than that of the pristine state. Since J c , the depinning critical current density, is largely influenced by non-SC regions, such as defects, the thermal annealing effects on J c (H) for neutron-irradiated MgB 2 implies that thermodynamically irreversible defects are formed in MgB 2 by neutron irradiation [14, 39, 40] . Considering that the effects of irradiation and thermal neutron capture reactions are complex, however, it is difficult to understand the exact nature of the defects produced by neutron irradiation. On the other hand, the modified SC properties of high-quality MgB 2 thin films, such as T c , H c2 , and the c-axis lattice constant, as well as the enhanced J c by C-ion irradiation were almost fully reversed to the values in the pristine state after thermal annealing for a short period of time. These results indicate that the degraded superconductivity of MgB 2 by C-ion irradiations is mainly associated with the atomic lattice distortion caused by displacement damage, which is a reversible deformation, and the recovery of the SC characteristics to the pristine state by thermal annealing could be ascribed to the recovery of its crystallinity.
Results and discussion

Conclusions
In conclusion, we studied the effects of carbon-ion irradiation on the superconducting critical properties of two MgB 2 thin films with different thicknesses: 400 nm and 800 nm. One film was thinner than the mean projected range (R p ~ 560 nm) of irradiated C ions and the other was thicker than R p . The superconducting transition temperatures (T c ) of both the films gradually decreased with increasing fluence of the C ions, and were accompanied by an expansion of the c-axis lattice constant. In addition, the residual resistivity (ρ 41K ) and upper critical field (H c2 ) considerably increased after C-ion irradiation because of the defects produced by the irradiation. On the other hand, the effect of the implanted C ions on H c2 was not prominent compared to other irradiation effects due to the strong interaction between the irradiated and non-irradiated layers in MgB 2 films. Interestingly, the degraded superconductivity and expanded lattice parameter of the irradiated MgB 2 were almost regained to that in the pristine state after thermal annealing at 500 o C for 30 min. In particular, the improved field performance of the critical current density (J c ) by C-ion irradiation was also restored to that in the pristine state, underpinning the fact that the lattice distortion induced by the irradiation is the main origin of the modified superconducting properties of irradiated MgB 2 films. 
